In this work, we developed a simple and cost-effective hydrothermal route to regulate the formation of molybdenum disulfide (MoS 2 ) in different morphologies, like, nano-sheet, nano-hollow-sphere and nano-flake structure by controlling the reaction temperature and sulphur precursor employed. Such a fine tuning of different morphologies yields a leverage to obtain novel shapes with high surface area to employ them as suitable candidates for hydrogen evolution catalysts. Moreover, we report here the first time observation of MoS 2 nano-hollow-sphere formation via hydrothermal route and characterized them by X-ray diffraction (XRD), nitrogen adsorption and desorption by Brunaer-Emmett-Teller (BET) method, scanning electron microscopy (SEM), transmission electron microscopy (TEM), High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) and X-ray photo-electron spectroscopy (XPS) techniques. MoS 2 nano-spheres exhibits superior activity towards hydrogen evolution reaction (HER) with a low over-potential 120 mV (RHE), accompanied by large exchange current density and excellent stability in 0.5 M H 2 SO 4 solution.
Introduction
Search towards efficient, cost-effective catalysts for the large scale production of hydrogen gas is under immense scrutiny for the realisation of hydrogen based economy. The existing catalysts of Pt group metals for the hydrogen evolution reaction (HER) are highly efficient [1] but too expensive and their scarcity on earth make them not viable for mass production. In this contest, replacing the expensive and rare catalysts with earth-abundant materials attracts scientific curiosity toward making the hydrogen production more economic and competitive [2] . In the recent past, many potential alternate catalysts have been developed for HER which includes metal sulphides [3] [4] [5] [6] [7] , selenides [8, 9] , borides [10] , carbides [10, 11] , nitrides [12] [13] [14] . Among all these alternatives, molybdenum disulfide (MoS 2 ) has received significant attention due to the earth-abundant composition and high activity, leading to the development of various kinds of MoS 2 -based HER electrocatalysts in the form of the crystalline [15] [16] [17] [18] [19] [20] [21] [22] or amorphous nature [23] [24] [25] .
MoS 2 belongs to a large family of two dimensional (2D) layered metal chalcogenide materials. Similar to the graphene layers in graphite, individual sandwiched S-Mo-S layers are held together by weak vander Walls interactions in hexagonally packed structures. Both experimental [18] and computational [26] studies have concluded that the catalytic activity arises from active sites located along the edges of 2D MoS 2 layers, while the basal surface are catalytically inert. It is well known that the unsaturated sulphur atoms on the edges play a crucial role in HER catalysis. Hence increasing the number of unsaturated sulphur atoms is an efficient pathway to enhance the HER activity. Besides the aspect of active sites, the electric conductivity of catalyst is another crucial factor to affect the electro-catalytic activity because a high conductivity ensures a fast electron transport during the catalytic process [27] [28] [29] [30] .
The rational design and construction of materials with structure-sensitive properties at the nanoscale is extremely important in developing advanced nanomaterials. Novel properties may arise when the size of a material is decreased to nanoscale and the dimensionality is lowered, due to quantum confinement effect and edge effects [31, 32] . Although MoS 2 has been proved an exciting hydrogen evolution reaction (HER) catalyst but its activity is limited by constrains in exposure of active edge sites, poor electrical transport and inefficient electrical contact. As a result, tremendous efforts have been made to design and engineer the structure of MoS 2 catalysts with exposed active sites. Moreover, the morphology and distribution of the catalytically important edge sites of MoS 2 are found to be sensitive to preparation conditions. In this work we highlighted a scalable pathway to accomplish the task of engineering MoS 2 nano-shape which in turn manifests to expose more active sites. We achieved this by designing a reaction with suitable Mo precursor along with sulphur source during hydrothermal process in order to realize controllable morphology with more active sites. We have employed both TEM and HAADF-STEM microscopic technique to uncover the facts behind methodology tuned nanoscale morphology. Moreover the resultant MoS 2 materials have been employed as electro-catalysts toward HER in 0.5 M sulphuric acid and by using linear sweep voltammetry (LSV) technique to demonstrate the structure-activity relationship.
Experimental Section
Sodium molybdate (Na 2 MoO 4 ; 98% purity) from Sigma Aldrich, Thioaceteamide (CH 3 CSNH 2 ; 98% purity) from Merck, Thiourea (H 2 N-CS-NH 2 ; 99% purity) from Sigma Aldrich, Nafion from Sigma Aldrich, Hydrochloric Acid, Ethanol were analytical grade and used without further purification.
Materials Preparation
Sodium molybdate (Na 2 MoO 4 ; 98%) 10 m.mol and Thioaceteamide (CH 3 CSNH 2 ; 98%) 30 m.mol were dissolved in 50 mL of deionized water. Then, 10 mol/L HCl was dropped into the solution and stirred well to adjust the pH value to 1. After ultrasonic dispersion for about 30 min, the solution was transferred into a 100 ml Teflon-lined stainless steel autoclave and heated at a temperature 200 °C (named as S01), 240 °C (named as S02) individually for 36 hours. After cooling to room temperature, the resulting precipitates were collected by filtration, rinsed with copious amounts of deionized water and further heattreated at 400 °C for 2 h in a Quartz tubular furnace with flowing argon gas atmosphere (99.99%). Both the heating and cooling rate were set as 5 ºC min -1 .
In another process, 0.05 mol of sodium molybdate (Na 2 MoO 4 ; 98%) was added into 40 mL deionized water and stirred until it dissolved completely. Next, 0.15 mol thiourea (H 2 N-CS-NH 2 ; 99%) was added into the above mixture and a milky white suspension was obtained after 2 hours of vigorous stirring. Then, the suspension was transferred into a 100 mL Teflon-lined autoclave and the temperature was maintained at 240 °C for 36 h (named as S03). The final product was rinsed three times with deionized water and ethanol, after that the sample was dried at 60 °C for 10 h.
Characterisation of MoS 2 materials
The crystalline nature of the different MoS 2 materials were examined by powder Xray diffraction (XRD) measurements using a PAN Analytical X Per PRO Model X-ray operated at 300 kV with a spherical aberration corrector.
Electrochemical Measurements
Electrochemical measurements were performed in a three-electrode system at an electrochemical work station AUTOLAB potentiostat (model PGSTAT 302N). Typically, All the potentials were calibrated to a reversible hydrogen electrode (RHE).
Results and Discussions

Influence of reaction condition and precursor on MoS 2 formation
The synthesized electro catalysts have been characterized by X-ray diffraction in order to understand the formation of the MoS 2 material. (JCPDS card number 37-1492) due to insufficient crystallization under this temperature.
However, the MoS 2 prepared from same set of precursor but at 240 ºC posses well defined diffraction peaks at 2 values ca. 15º, 32º, 40º and at 60º corresponds to (002), (100), (103) and (110) planes and matches well with the values of JCPDS card number 37-1492 [33] . In case of S02 sample, the occurrence of high intensity peaks including (002) when compared to S01 shows that the formation of a crystalline hexagonal form of MoS 2 with a well-stacked layered structure requires a temperature of 240 ºC during hydrothermal process. It proves the fact that temperature plays an important role in determining the crystalline nature of MoS 2 nano-material. Similarly, S03 material synthesized using different sulphur precursor ca.
thiourea but with identical temperature conditions of 240 ºC produces well defined diffraction peaks at their respective 2 values as shown in Fig.1 . Therefore, from the above observations it can be understood that the formation of MoS 2 from sodium molybdate and thioacetamide or with thiourea precursor requires a temperature of 240 ºC. TEM analysis were performed on the three type of catalysts prepared in this work are presented in Fig. 3 . When the synthesis temperature is as low as 200 ºC (S01), structures of not-well developed shapes made up of obscure edges can be obtained, indicating the insufficient crystallization under this condition (Fig 3A& B) . In contrast to this while at 240 ºC (S02) synthesis temperature with the same composition of precursors, a well developed spheres with a wall thickness of 5-10 nm were obtained as shown in Fig 3C & D Table S1 ). In case of both (S02) and (S03) catalysts, the observed BET surface area values are 3 times higher than the value 10.6 m 2 /g observed for a ball-milled Micro-MoS 2 in a high-energy planetary mill with stainless steel balls as milling media [34] .
Furthermore, the high angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) and EDS mapping analysis has been already employed on oxygen enriched layered MoS 2 very recently [35] . This method is capable of providing information regarding the elemental distribution on a given three dimensional structure and was carried out on S02 sample in order to examine whether the sphere is composed of empty space or filled with active MoS 2 material. Table S2 
Electrochemical hydrogen evolution studies on MoS 2 catalysts
The electrochemical studies were carried out by employing linear sweep voltammetry technique at a scan rate of 2 mV s -1 in nitrogen saturated 0.5 M H 2 SO 4 electrolyte solution. catalysts. Among all, (S02) nano-hollow-sphere MoS 2 exhibits the lowest on-set value of 120 mV, suggesting the superior HER activity. Cathodic current density is considered as an important evaluating criterion for HER activity. As shown in Fig 7B, S02 exhibits significantly large cathodic current density with a moderate Tafel slope value when compared with other two types of MoS 2 catalysts studied in this work. Three principle steps for converting H + to H 2 have been proposed for HER in acidic medium on a Pt surface [38, 39] .
The first is a primary discharge step (i.e., Volmer reaction, equ 1)
Followed by the primary discharge step, the electrochemical desorption step (i.e., Heyrovsky reaction, equ 2) or recombination step (i.e., Tafel reaction, equ 3) may be involved
Tafel slope is an inherent property of electrocatalysts that is determined by the rate- [40] .
A comparison of the exchange current densities (j 0 ), Tafel slopes and onset potentials of various molybdenum sulphide catalysts investigated in the literature reports is shown in Table 1 . It is worth to mention here that few attempts have been already pursued to overcome the poor conductivity of the material by the introduction of Au [18, 20] and carbon materials [42, 43] which attests better electrical conductivity leads improved electron transfer which in turn reducing the Tafel slope values.
However, it must be noted that the MoS x catalyst without any additions still shows a much lower Tafel slope, probably attributed to the rich S edges, but the exact definition of active sites for these amorphous structures is still not very clear [20, 24] . Besides the HER activity, 
